INTRODUCTION
Corn (Zea mays L.) diseases reduce yield and grain quality in the United States and Canada every year. Diseases of importance vary annually and from location to location. Occurrence of corn diseases that cause yield loss are influenced by many factors, including environmental conditions, crop production practices, previous disease history, hybrid selection, and susceptibility to disease (Munkvold and White 2016) .
Previous estimates of annual yield loss caused by corn diseases in the United States ranged from 2 to 15% (Munkvold and White 2016) . Catastrophic losses due to disease in corn are rare but have occurred, notably in 1970 when Race T of Bipolaris maydis resulted in a southern corn leaf blight epidemic that reduced corn yield by 20% in the United States (Ullstrup 1972) . Yield loss to diseases may also go unnoticed or not be recognized due to misdiagnosis. Under these circumstances, yield reduction from stalk rots can take place through reduced ear size, poor grain fill, and early eardrop (Jardine 2006) , and plant-parasitic nematodes can cause aboveground symptoms that may be mistakenly attributed to environmental conditions (Norton and Nyvall 2011) . Some ear and stalk rot causing pathogens such as Aspergillus, Fusarium, and Gibberella species produce secondary metabolites known as mycotoxins that can make grain unsafe for animal or human consumption (Wise et al. 2016; Bennett and Klich 2003) . In the United States, certain field-corn disease symptoms are often observed on plants but generally cause only a small reduction in corn yield. Examples of frequently occurring diseases where yield reduction is considered negligible include common rust (Puccinia sorghi) or eyespot (Aureobasidium zeae) on hybrid field corn (Wise et al. 2016) .
Corn diseases are important because resultant grain loss decreases food, feed, and fuel production. The total corn production in the entire United States and Ontario, Canada, from 2012 to 2015 was nearly 54 billion bushels, which was valued at over $244 billion (USDA-NASS; Kulasekera 2015) . Consequently, even if only the lowest estimated annual yield loss of 2% was realized, the loss during these years would be more than 1 billion bushels, translating to nearly $5 billion in lost revenue.
Annual soybean (Glycine max) disease loss estimates began in 1974 in the southern United States and in 1996 for the northern United States (Wrather et al. 1995; Wrather and Koenning 2009 ). These data have been published, often as summaries for 3-to 4year spans (Koenning and Wrather 2010; Wrather and Koenning 2006) . However, the authors are not aware of any published multiyear summary of estimated corn yield losses in the United States and Ontario, Canada.
The goal of this survey was to determine the relative importance of the various corn diseases regionally and over time, equipping researchers, breeders, government, and Extension specialists with data to help prioritize educational opportunities, research investigations, and funding requests. Thus, the objective of this survey was to determine the annual estimated disease losses in field corn for each of the top corn-producing states in the United States and Ontario, Canada.
DATA COLLECTION AND LOSS ESTIMATE DETERMINATION
The disease loss estimates in this publication were provided by members of the United States and Canadian Corn Disease Working Group after the end of each growing season from 2012 to 2015. For the purpose of this survey, states and provinces were broken up into a "southern" and a "northern" geographic region. States and provinces included in the northern region were Illinois, Indiana, Iowa, Michigan, Minnesota, Nebraska, New York, North Dakota, Ohio, Pennsylvania, South Dakota, Wisconsin, and Ontario, Canada. The southern region consisted of Arkansas, Colorado, Kansas, Kentucky, Louisiana, Mississippi, Missouri, North Carolina, Tennessee, and Texas. A list of diseases was provided to pathologists in these states and provinces each year, and respondents were asked to estimate losses for each disease listed, and to also include information about diseases not listed on the form. Respondents used various methods to obtain disease loss information, and most individuals relied on more than one. It is important to note that methods for estimating disease loss varied by state and province. The estimates are based on statewide or provincial disease surveys, feedback from university Extension, industry, and farmer representatives, plant disease diagnostic clinic samples, research plots, "pure guess," and/or personal experience with disease losses. Disease loss estimates include grain from hybrid corn. Data were unavailable for Missouri in 2013.
TABLE 1
Total corn production (1,000 bu) in the United States and Ontario, Canada from 2012 to 2015.
Yearly per-acre corn production totals and crop value for corn grown in each state or province were determined using data from the United States Department of Agriculture's National Agricultural Statistics Service (USDA-NASS) and the Ontario Ministry of Agriculture, Food, and Rural Affairs (OMAFRA) (Kulasekera 2015) . Total production for Ontario, Canada in 2015 was estimated by OMAFRA; total Ontario crop value in 2015 was determined by applying the United States national marketing year corn price to the total estimated production value. Disease loss values were determined based on yield before estimated losses {[(100percent estimated disease loss)/100]/bushels harvested} for each state or province. Total bushels lost per disease (percent loss × yield before estimated loss) was then calculated for each state or province. Losses in crop value were also determined in a similar fashion.
RESULTS AND IMPLICATIONS
This survey represents 96.7% of the total corn produced in the United States and Ontario between 2012 and 2015. Total annual production in these states and province ranged from a low of 10.68 billion bushels in 2012 to a high of 14.06 billion bushels in 2014 (Table 1) . Individual state and provincial production values also varied widely from year to year.
Estimates of total corn production losses due to diseases differed greatly by state or province and year, from 0.02% in Colorado in 2015 to 25.08% in Ohio in 2012. States that produced more corn generally also had greater estimates of loss due to disease. The estimated corn production losses per year were 10.9%, 7.5%, 10. 4%, and 13.5% for 2012, 2013, 2014, and 2015, respectively. Estimates do not account for potential grain contamination or rejection as a result of mycotoxins, thus the estimates presented here may be conservative.
A more useful indicator than percent production loss, is loss of bushels of corn. A 1% loss during a drought-affected year such as 2012 where mean yield per acre is reduced may be different than a 1% loss during a more productive year such as 2014. Similarly, a 1% loss in a major production state differs in total magnitude compared to a 1% loss in a state that produces less corn. Total estimated bushels lost were 1.3 billion in 2012, 1.1 billion in 2013, 1.6 billion in 2014, and 2.1 billion in 2015 (Table 2) .
Estimated corn yield loss due to root rots, seedling blights, and plant-parasitic nematodes can be found in Table 3 , while corn yield losses due to foliar and aboveground diseases can be found in Table 4 . Corn yield losses due to stalk rots and ear rots can be found in Tables 5 and 6, respectively. Finally, estimates of mycotoxin contaminated grain can be found in Table 7 . The estimated impact that each specific disease had on corn production in the United States and Ontario, Canada, was highly variable by disease and year, ranging from approximately 21,000 bushels yield loss due to Stewart's disease (Pantoea stewartii) in 2014 to more than 551 million bushels lost due to northern corn leaf blight (Setosphaeria turcica) in 2015 (Table 8) .
The most destructive diseases in the 12 northern-most United States and Ontario, Canada, varied little by year (Table 9 ). Yield loss estimates for northern corn leaf blight were greatest in 2014 and 2015 and the second greatest in 2013, while estimates were lower in the drought year of 2012. Gray leaf spot (Cercospora zeae-maydis) and Goss's wilt (Clavibacter michiganensis subsp. nebraskensis) were in the top four most production-limiting diseases every year except 2012. Fusarium stalk rot (Fusarium verticillioides) was always the fifth or sixth greatest cause of disease-related yield loss, while Fusarium and Aspergillus ear rots (Fusarium and Aspergillus spp.) ranked as the top diseases causing yield loss in 2012. Trends also emerged in the 10 southern-most United States (Table 10) . For example, Fusarium stalk rot was always ranked first or second in terms of causing the greatest estimated yield loss, while plant-parasitic nematodes always ranked in the top three most important pathogens causing yield loss. Environmental conditions fluctuated widely from year to year and greatly impacted final yield as well as disease incidence and severity. This is most evident when comparing 2012, a drought year, to the 2013 to 2015 yield trends. Corn yield during 2012 was approximately 3 billion bushels less than that of any other year. Environment also influenced diseases and associated yield loss estimates. For example, 2015 summer precipitation in the Midwest was the fourth greatest on record, while foliar diseases in 2015 resulted in double the yield loss compared to 2013, despite the fact that total grain production was greater in 2013 than 2015 (NOAA 2015) .
Overall, from 2012 to 2015 the total estimated economic loss due to disease was $27.4 billion in the United States and Ontario, Canada (Table 11 ). Yearly estimated economic losses were almost twice as great in 2012 than in 2013, and averaged approximately $6.85 billion annually during this survey period. It is interesting to note that estimated economic loss was greatest in 2012, when production was reduced compared to 2013, 2014, or 2015, in part because of greater per bushel prices received during 2012. The next highest year in terms of economic loss was 2015, despite the fact that nearly 817 million more bushels were estimated to have been lost due to disease than in 2012. During this survey, the United States national corn marketing prices per bushel were as follows: $6.89 in 2012, $4.46 in 2013, $3.70 in 2014, and $3.60 in 2015 (USDA-NASS). Thus, the estimated economic losses due to diseases in corn were as follows: $94.71/acre in 2012, $53.26 /acre in 2013, $68.95/acre in 2014, and $88.35/acre in 2015. The average estimated yield loss due to corn diseases during the four years of this survey (2012 to 2015) was $76.32/acre. This is important to note, as these values may be larger than, or approach, the profit margins per acre in some years. For example, average corn production expenses for Iowa in 2014 were $722.21 per acre, while crop value was $793.00 per acre (Plastina and Johanns 2016) . When production expenses are subtracted from crop value, $70.79 remains, a value that is similar to the four-year average of estimated yield loss due to corn diseases. z -2,607,357,560 1,648,956,590 155,592,532 117,286,671 4,529,193,354 s Losses due to disease may be underestimated. The costs to diagnose and manage diseases are additional disease-related corn production expenses that are often not included in economic estimates of losses due to disease. Disease diagnostic costs include scouting fields, fees for consultant or diagnostic services, quantification of nematode population densities from soil samples, and costs associated with misdiagnosis. Management for various corn diseases includes hybrid resistance, crop rotation, tillage, fungicide/nematicide-treated seed, nematicide, foliar fungicide, insect/vector and alternative host plant management, and proper post-harvest handling (Munkvold and White 2016) . For example, estimated application cost for foliar fungicide from 2008 to 2012 was $28.25/acre (Liu et al. 2015) . However, cost of fungicide product and application undoubtedly vary by region, supplier, product selected, and method of application. Additional costs incurred because of corn disease include refusal of corn seed for export due to contamination with a quarantined pathogen, phytosanitary inspections, breeding corn for resistance, grain quality reduction that results in livestock health issues, and increased harvest difficulty due to lodging (Pataky 2003; Wise et al. 2016; Munkvold and White 2016) .
Corn disease risk is not static, and varies greatly over time and by location based on many factors. For example, changing weather patterns that result in increased humidity, frequent and heavy rainfall events, and changes in temperature may heighten the risk of some corn diseases. Other factors increasing the risk of disease include: (i) reduced tillage and continuous corn production practices that increase inoculum-infested crop residue on the soil surface; (ii) increasing use of greater plant populations; and (iii) selecting hybrids based on high yield potential rather than disease resistance (Butzen and Jeschke 2013; Wise and Mueller 2011). Thus, it is possible that crop yield reduction and costs associated with disease management will increase, resulting in an increased need for ongoing scientific research on corn pathogens and farmer /agribusiness education regarding corn diseases. Our survey results will help scientists, government, and educators direct research, funding, and educational efforts in corn pathology and disease management.
AUTHOR'S NOTE
The values in this publication are intended to be estimates of corn yield loss due to diseases. The members of the United States and Canadian Corn Disease Working Group used the most appropriate means available to estimate disease losses and assume no liability resulting from the use of these estimates. This information is only a guide.
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TABLE 11
Total estimated economic loss (USD) caused by corn disease in the United States and Ontario, Canada, from 2012 to 2015, excluding grain contamination or rejection due to mycotoxins.
